Besides microcavities and photonic crystals, photonic nanowires have recently emerged as a novel resource for solidstate quantum optics. We will review recent studies which demonstrate an excellent control over the spontaneous emission of InAs quantum dots (QDs) embedded in single-mode GaAs photonic wires. On the basic side, we have demonstrated a strong inhibition (x 1/16) of QD SpE in thin wires (d<λ/2n), a nearly perfect coupling of the SpE to the guided mode (β>0.95 for d~λ/n), and polarization control in elliptical nanowires. A single QD in a photonic wire is thus an attractive system to explore the physics of the "one-dimensional atom" and build novel quantum optoelectronic devices. Quite amazingly, this approach has for instance permitted (unlike microcavity-based approaches) to combine for the first time a record-high efficiency (72%) and a negligible g (2) in a QD single photon source.
INTRODUCTION
The prospect of an improved control over the spontaneous emission of semiconductor emitters has motivated extensive work on optical microcavities and photonic crystals [1, 2] since the mid 80's. Quantum dots have been widely used as "artificial atoms" so as to perform quantum optics experiments, largely inspired by the pioneering CQED experiments realized with real atoms [3] . Nowadays, all basic CQED effects have been observed, such as the enhancement or inhibition of the spontaneous emission rate, or the vacuum Rabi flopping of a single QD. From an application point of view, this opens the way to the development of novel devices exploiting CQED effects, such as high β microlasers, quantum optical gates operating at the single photon level, and novel sources generating quantum states of light, such as single photons and entangled photon pairs. The development of such sources and especially of efficient solid-state sources of single photons (S4Ps) is a major challenge in the context of quantum communications, quantum information processing and metrology [4] . Future practical S4Ps will implement a stable solid-state emitter able to emit photons one by one, such as a F-center [5, 6] or a semiconductor quantum dot (QD) [7] [8] [9] [10] [11] [12] [13] . Various single photon collection strategies have been developed to increase the S4P efficiency and/or ensure a single mode operation [14] . By placing a semiconductor quantum dot (QD) in a pillar microcavity, a single mode operation and efficiency around 40% (i.e. 0.4 photon on average per pulse collected at the first lens of the optical set-up) have been demonstrated for optically-driven [11] [12] [13] as well as electrically driven S4Ps [15] . This approach faces nevertheless several limitations, related to drawbacks of high-Q microcavities, which have remained unforeseen until recently. Firstly, it cannot efficiently be applied to spectrally broad emitters, such as a QD at 300K or F-centers. Secondly, the properties of high-Q cavities, and especially their far-field radiation diagram, display a great sensitivity on structural imperfections. In the case of state-of-the-art single-mode S4Ps based on a single QD in a pillar microcavity, the efficiencyҏ is limited by the scattering induced by the roughness of the etched micropillar sidewalls [14] . Finally, various so-called "cavity-feeding" mechanisms tend to funnel within the cavity mode part of the SpE of spectrally-detuned emitters. Such "extra emitters" are always present, even when a single QD is embedded in the cavity, due to the existence of the multiexcitonic optical transitions of this QD. As a result, S4Ps based on a single QD in a microcavity exhibit a strongly degraded single photon emission process under strong pumping conditions (g (2) >>0.1) [11] [12] [13] . Because they enable SpE control without relying on resonant cavity effects, photonic wires (PW) are particularly attractive in this context. After reviewing some basic electromagnetic properties of PWs, we report CQED experiments performed with QDs in PWs in section 2. These experiments demonstrate that most (~95%) of the SpE of embedded QDs can be funnelled into the guided mode of the PW, and that the linear polarization of QD SpE can also by controlled through a proper engineering of the cross section of the PW. We present in section 3 a record high efficient S4P and discuss other potential applications of PWs in optoelectronics and quantum information processing.
OVERVIEW OF THEORETICAL INSIGHTS ON SPONTANEOUS EMISSION CONTROL IN PW
Photonic wires are one dimensional dielectric waveguides, which provide a strong transverse confinement of the light due to a strong refractive index contrast between their core and cladding. In a pioneering work, ST Ho et al studied ringshaped InP PW lasers on a SiO 2 substrate [16] . More recently, the optical study of PWs defined by a growth process led to interesting demonstrations of waveguiding [17] , lasing [18] , and formation of 1D exciton-polaritons [19] . Thanks to the maturity of dry etching techniques, long vertical PWs can also be defined from semiconductor heterostructures. This approach is particularly well suited to the integration of high quality QDs inside PWs, such as self-assembled InAs QDs in GaAs PWs. As shown in the following, the vertical geometry of these PWs is ideal for controlling the SpE of InAs QDs [20] . We present in figure 1 the calculated SpE rate and SpE coupling factor β, for an emitter embedded a cylindrical GaAs photonic wire with circular cross section. We assume that the emitter is located on the axis of the PW, emits around λ=1 µm, has a radial dipole and a reference radiative lifetime τ 0 when embedded in bulk GaAs. Below a 230 nm diameter, the wire supports a single guided mode. For a diameter of 210 nm, the optimal confinement of this mode leads to a large SpE rate (~0.9/ τ 0 ) into the guided mode. For very thin PWs on the opposite, the guided mode is largely delocalized outside the PW, and the emitter-mode coupling becomes vanishingly small [21] . Another feature of prime interest is the very small SpE rate of the emitter into the continuum of non-guided (or "leaky") modes of the PW structure. Modes with polarization normal to the axis of the PW experience indeed a very strong dielectric screening, so that their field intensity is typically two orders of magnitude smaller inside the PW compared to the outside (see fig. 2 ). By contrast, no screening occurs for modes with a polarization parallel to the wire axis. Figure 1 (left) SpE rates of a radial dipole embedded in an infinite cylindrical GaAs PW and located on the wire axis, normalized to its SpE rate in bulk GaAs. Blue-solid curve: emission P M into the HE 11 fundamental mode. Dashedred curve: emission rate γ into the other modes including the leaky modes. Dotted curve: total emission rate, P M +γ. Dashed-dotted curve: β-factor for the HE 11 fundamental mode, β=P M /(P M +γ). (Middle) Map of the field amplitude for a plane wave incident on the PW, with polarization normal to the PW axis. (right) Scanning electron micrograph obtained for a GaAs nanowire on top of an integrated bottom mirror made of gold, covered by a thin silica layer.
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This combination of properties of the guided and non-guided modes of PWs has two major consequences: _ For PW diameters below 0.15λ, the emitter is both weakly coupled to the guided mode and to the leaky modes. As predicted as early as 1949 [22] , a drastic inhibition (x 1/150) of the emitter's SpE is expected in this case. Worth noting, this behaviour is expected only for emitting dipoles orthogonal to the PW axis, since no dielectric screening is occurs for leaky modes polarized along the PW axis. This explains why SpE inhibition has not been observed by Ho et al [16] in their pioneering experiments on ring-shaped PW lasers. _ For PWs such that d~0.2λ, the emitter is optimally coupled to the guided mode, which is tightly confined by the PW. In the case, the emitter is much better coupled to the guided mode than to the continuum of leaky modes, so that the SpE coupling factor β factor is as large as 95% [21] . Importantly, β>90% is ensured over a wide range of PW diameters (d=200-260 nm) or emission wavelength, which relaxes constraints on the fabrication process, as well as on the emitter linewidth.
EXPERIMENTAL STUDY OF QD SPONTANEOUS EMISSION CONTROL IN A PW
GaAs PWs containing self-assembled InAs QDs have been defined through a top-down nanofabrication process on top of a mirror, so as to optimize photon collection. A single layer of InAs QDs emitting around 0.95 µm embedded in a GaAs membrane has been grown by molecular beam epitaxy, on top of a GaAlAs sacrificial layer. A 10 nm thick SiO 2 layer and a 250 nm gold layer are then deposited on the top of the epitaxial structure, which is later on glued on a GaAs host substrate. The growth substrate and the sacrificial layer are then removed by a combination of mechanical and chemical selective etching. After this flip-chip step, we are left with a GaAs membrane lying on a hybrid gold+dielectric mirror [23] . The photonic wires are then defined using electron-beam lithography and Ar-SiCl 4 reactive ion etching using a Si 3 N 4 hard mask. A key feature in this experiment is the orientation of the emitter's dipole. Due to confinement and strain effects, the two bright excitons corresponding to the fundamental excitation of an InAs QD are linearly polarized along the crystalline directions [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , normal to the axis of the PW [24] . The theoretical predictions of section 2 thus apply to QD excitons, and would apply as well as to a wide range of other emitters, such as QD biexcitons and charged excitons, or compressively strained InGaAs/QWs. These PWs are studied by microphotoluminescence (µPL) at 4K; their emission is collected in normal incidence by a microscope objective. Under low excitation conditions, their PL spectra consist of few narrow emission lines, related to the excitonic emission of the embedded QDs. QD exciton lifetimes are studied by time resolved µPL, using pulsed picosecond excitation by a sapphire:Ti and detection by Si avalanche photodiodes. [25] .
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We present in figure 2b experimental values of the PL decay rate for QDs in PWs, normalized to the average decay rate for QDs in bulk GaAs (1.3 ns). The strong dispersion of these values highlights the great sensitivity of QD exciton dynamics as a function of the PW size and QD location within the PW. For the thinner PWs (d/λ <0.16), we observe systematically very long lifetimes (up to 25 ns), as expected from theory. The inhibition of SpE in such wires is thus very strong (up to 17 fold) [25] , and comparable in magnitude to the strongest inhibition observed in photonic crystal membranes [26] . This observation for all QDs, whatever their location, confirms the strong damping of leaky modes inside the wire, as shown by figure 1c. Also worth noting, an even stronger SpE inhibition (x1/150) is expected in such thin PWs. This deviation of experimental results from theory is likely due to some weak non-radiative channel (τ non rad 25 ns), which plays a dominant role for exciton recombination once SpE is strongly inhibited. For larger diameters d around 250 nm (i.e. d~λ/n), we observe a large dispersion of QD exciton lifetimes. Since the guided mode is well confined inside the PW, this effect reflects the strong dependence of the QD SpE rate into the guide mode, as a function of its location within the PW. The solid curves in figure 2b present the theoretical estimate of the maximum SpE rate (i.e. obtained for a QD on the PW axis) and the minimum SpE (related to a QD sitting at the sidewall). A good overall agreement with the experimental data is observed. For such PWs, the highest SpE rate is observed for a QD on-axis; its value, 1.7/ τ 0 , is approximately a factor of 2 larger than in the infinite PW (fig 1) , due to the positioning on purpose of the QD in the vicinity of the mirror, at an antinode of the guided mode. The demonstration of a strong inhibition of QD SE into leaky modes and predominant coupling to the guided mode is particularly attractive in view of an application to single-mode single photon sources or microlasers as discussed in the next section. These experimental results confirm indeed that for a QD on axis and an optimal PW diameter (d~λ/n), the SpE coupling factor β ҏ into the two-fold polarization degenerate HE 11 guided mode is around 95% [25] . [35] . For sake of clarity, the field intensity has been multiplied by a factor of ten for the deconfined mode. The ellipse dimensions are λ/n (long axis) and λ/2n (short axis).
Due to this polarization-degeneracy, true single mode SpE could only be achieved using a highly polarized emitter, which is not the case for usual semiconductor emitters, such as quantum wells or excitonic complexes in QDs (neutral or charged exciton, biexciton). To go one step beyond and approach the β~1 limit for a single non-degenerate mode, a control of the polarization of QD SpE is therefore mandatory. PWs with an elliptical (or more generally non-circular) cross section are very interesting in this context [35] . For elliptical PWs with an average diameter around λ/n, a moderate elongation permits to expel out of the PW the mode that is polarized along the ellipse short axis, while the cross polarized mode remains tightly confined inside the PW, as shown in figure 3 . The SpE of embedded QDs is thus predominantly governed by the coupling to a single guided mode, with a linear polarization oriented along the ellipse major axis. Furthermore, the resulting monomode behaviour is expected over a broad wavelength range, and the fraction of collected photons with the desired linear polarization can exceed 95 % in optimally designed PWs. Experiments performed on InAs QDs in elliptical GaAs PWs have fully confirmed these predictions. 
A HIGHLY EFFICIENT SINGLE PHOTON SOURCE BASED ON A PW
As a first application of the SpE control offered by PWs, we have recently developed a novel QD S4P [20] . Generally speaking, a high value of β is not sufficient to ensure an efficient collection of the photons by the chosen optical channel, as highlighted by results on cavity-based QD S4Ps [11] [12] [13] 15] . For S4Ps based on PWs, a careful engineering of the wire ends is mandatory to reach this goal. On one hand, diffraction at the output end of a truncated cylindrical PW results in a very broad far-field radiation diagram [27] and hinders an efficient collection of the emission by standard optics. We have proposed to define a conical tapered tip, which adiabatically converts the guided mode into a free space one and greatly reduces the divergence of the far-field emission [28] . Modelling shows that for a 5° total tip angle, more than 90% of the light can then be collected with a set-up with NA=0.87 [25, 28] . Note that inverted tapers can also be used so as to expand the guided mode inside the PW [29] . For practical reasons, this approach is better suited to the fabrication of electrically pumped S4Ps. It is also mandatory to integrate a bottom mirror providing a high modal reflection, which is far from being obvious. Bragg mirrors in PWs display a poor reflectivity (or large and unrealistic numbers of periods) due to the weak effective index contrast for the guided mode in the different sub-layers [23, 30] . Concerning metallic mirrors, the modal reflection is severely limited by the coupling to surface plasmons and by diffraction toward free-space modes. Fortunately, the coating of a gold or silver mirror by a thin dielectric layer (~ 10nm of SiO 2 ) restores a reflectivity larger than 90% over the full range of PW diameters [23] . Advanced modelling shows that a record-high efficiency higher than 90% (0.9 photon per pulse) is achievable for a S4P based on a single QD in a PW, through the combination of such a mirror and of a tapered tip, for both optically [21] or electrically pumped structures [29] . Single-photon emission by QDs embedded in such PWs (illustrated in figure 1c ) has been characterized using a conventional Hanburry-Brown and Twiss photon correlation set-up, under pulsed excitation of the InAs wetting layer by a sapphire:Ti laser [20] . Quite remarkably, a very low value of the second order correlation parameter g (2) (0) is observed under such conditions (g (2) (0) <0.01), unlike cavity-based QD S4Ps. Furthermore, a single photon collection efficiency ε as high as 72% has be measured for the best QDs, using a standard collection optics (NA=0.75). Here again, this represents a significant step forward with respect to cavity-based S4Ps (ε∼40% at most). Furthermore, ε's larger than 50% have been observed for a large fraction of the PWs under study, thanks to the broadband control of the SpE (virtually no dependence on the QD emission frequency) and to the rather loose constraint on the location of the QD [25] . To bring the experimental efficiency even closer to unity, one should first of all reduce the angle of the tapered tip and, to a lesser extent, control the QD location with respect to the PW axis through deterministic positioning.
CONCLUSION
To conclude, numerical simulations as well as experimental studies highlight the great interest of vertical PWs for controlling the SpE of self-assembled QDs. This interest results from the strong dielectric screening of "leaky modes", as well as of the good lateral confinement of the HE 11 guided mode for appropriate PW diameter (d~0.22 λ for GaAs/air PWs). Taking benefit of SE control by the PW, far-field radiation diagram tailoring through tip tapering, and a new integrated bottom mirror, a record-high photon collection efficiency has been demonstrated for a single InAs QD embedded in a GaAs PW. An even higher efficiency (ε>90%) is within reach for optimized structures. Because it does not rely on resonant cavity effects, this S4P also display a very weak probability to emit multiple photon pulses (g (2) (0)<0.01). This combination of a high efficiency and of a low g (2) is obviously very attractive in view of an application to quantum key distribution. When compared to cavity-based S4Ps, PW S4Ps present two potential drawbacks, which can however be corrected. Firstly, anisotropic micropillars are able to control the polarization of the photons emitted by QDs, thanks to the Purcell effect [9] , which is not possible with standard cylindrical PWs. For some applications, such as quantum key distribution with polarized single photons, it is essential to prepare single photons in a well defined reference polarization state. We have recently fabricated PWs with a strongly anisotropic cross section, so as to lift the polarization degeneracy of the HE 11 mode. More precisely, for appropriate geometries, one mode is expelled outside the PW, while the other remains tightly confined inside the PW. Thanks to their highly preferential coupling to this single, linearly polarized guided mode, QDs embedded in such a PW emit linearly polarized light, with a direction of the polarization vector that is controlled by the PW geometry. This result represents a key step towards highly efficient (>90%) sources of polarized single photons. Secondly, some applications of S4Ps require emitted photons to be indistinguishable; Purcell-enhancement of the SpE rate is therefore highly desirable in this context [10] . Due to the moderate SpE enhancement provided by PWs (x 1.7 in the best case), the implementation of giant oscillator strength QDs is very attractive in this context. Such QDs can be formed e.g. by thickness-fluctuations of quantum wells [31] , self-assembled growth [32] or using thermal annealing [33] . Interestingly, PWs display major additional assets in view of applications to quantum optoelectronic devices. First of all, their application is not restricted to quasi-monochromatic emitters so that it can for instance be applied to QDs at elevated temperature (100-300K), or to F-centers in diamond [6] . Thanks to the lack of QD-cavity spectral matching constraint, it is also well suited to the development of spectrally-tuneable S4Ps or highly efficient sources of entangled photon pairs. PWs are also attractive for electrically-driven QD S4Ps. In this context, micropillars have a limited interest due to their large series resistance at cryogenic temperature, although a large Purcell effect has been observed on a single QD under electrical pumping [34] . PWs are therefore very likely to enable a huge step ahead toward highly efficient, plug-and-play, electrically-pumped S4Ps. We have recently proposed novel designs exploiting a tapered, trumpet like shape of the top end, which enable simultaneously an easy electrical contacting and a very high S4P efficiency, of the order of 90% [36] . The broadband SpE control offered by PWs is also an invitation to revisit the feasibility of high β PW lasers. In the pioneering work of ST Ho et al [16] , ring-like PWs containing quantum wells (QWs) have been defined using a planar fabrication process. For this particular geometry, QW interband transitions have both transverse and longitudinal dipole components with respect to the nanowire. Because the dielectric screening concerns only leaky modes with transverse polarization, SpE control is only achieved for the transverse optical dipole of the QWs. β is then at most around 70%, as confirmed by experiments [16] . By contrast, vertical PWs containing QDs or QWs offer the prospect of demonstrating β values above 90% for a microlaser operating at 300K. From a more fundamental point of view, PWs containing a single QD appear as an attractive system for exploring the physics of "one-dimensional (1D) atoms", i.e. single atomic-like systems embedded in a 1D electromagnetic environment. Since the initial proposal of Kimble et al, who have used a single atom/lossy cavity system in the Purcell regime [37] , other systems have been proposed for solid-state implementations, including photonic crystal waveguides and cavities [38] or plasmonic waveguides [39] . 1D atoms display unique optical properties, including a giant optical non-linearity at the single photon level [40] and can potentially be used as working horse in single-photon transistors [39] or photon-photon quantum gates [41] .
